The chain reaction amplification mechanism (CRAM) has been extensively studied, but it has not been effectively developed at the molecular scale and still needs to consume amounts of monomers to show the macroscopic phenomenon needed for detection. Herein, rationally-designed silica-coated silver nanoparticles with acrylic acid-functionalization were used as a plasmonic nanosensor to realize highly sensitive and fast colorimetric glucose detection with less monomer consumption, which effectively integrated CRAM with the localized surface plasmon resonance effect, developing CRAM at the molecular scale. The glucose detection mechanism of the proposed sensor was based on free-radical polymerization by biocatalytic initiation, which would induce the aggregation of Ag NPs, leading to a decrease in the plasmon resonance intensity. As a result, the detection limit could reach 2.06 Â 10 À5 M, 10 times lower than that of a commercial glucose assay kit with a limit of 1.1 Â 10 À4 M. Moreover, FDTD simulation further confirmed that the intensity of the extinction gradually decreased with an increase in the degree of aggregation of Ag NPs. The approach could be used for high selectivity toward glucose detection and would be suitable for other practical applications of the detection of low concentrations of glucose.
Introduction
Glucose, one of the most important sources of physiological energy, can be conducive to enhancing memory, stimulating calcium absorption and increasing cell-to-cell communication.
1,2 However, an excessive concentration of blood glucose will lead to obesity and diabetes, while a low concentration of blood glucose will result in hypoglycemia or even worse. Meanwhile, glucose is essential to the maintenance of good brain functions: for example, a lower concentration of glucose has been found in the brain blood of Alzheimer's patients compared with other brains. 3 As a consequence, it is extremely important to enhance the accuracy of glucose detection in order to more precisely monitor the glucose concentration in human blood. In previous reports, signicant effort on the determination of glucose concentration has been focused on various methods, such as electrochemical sensing, 4 uorescent sensing, 5 peroxidase mimics, [6] [7] [8] [9] [10] [11] and surface enhanced Raman spectroscopy (SERS). 12 Among the aforementioned methods, SERS as a method of highly sensitive detection has attracted a surge in research attention in recent years. Nevertheless, difficulties derived from the precise preparation and repeatability of the reinforced substrate in SERS have hindered its practical application. In addition, although sensors based on SERS have made considerable progress on the aspect of qualitative detection, they still need further exploration in the eld of quantitative detection. 13, 14 Compared with the method of SERS, localized surface plasmon resonance (LSPR) could focus the light on the vicinity of the nanoparticles, resulting in the formation of an enhanced electromagnetic eld on the surface of the nanoparticles.
12,13
Such unique optical properties could be applied in numerous signicant applications in various research elds, such as plasmon-assisted catalysis, 15 solar cells, 16, 17 plasmonic sensors, [18] [19] [20] the detection of single molecules, 21, 22 luminescence enhancement, 23, 24 etc. In particular, owing to the low consumption and high sensitivity of the SPR peaks depended on the refractive index of the surrounding medium, 25 the plasmonic sensors based on the LSPR effect could improve the SERS's problems of the substrate preparation and the quantitative detection. However, the sensitivity of sensors based on the LSPR effect still need to be further enhanced for the development of glucose detection.
In order to further improve this situation, the chain reaction amplication mechanism (CRAM) is an efficient way of using chain reactions to dramatically amplify the sensitivity of the sensing, 26-28 which could reach the sensitivity level of femtomoles, or even zeptomoles. Moreover, CRAM could even be combined with an enzyme-linked immuno sorbent assay to further decrease the detection limit of biomolecules and is attracting extensive attention. 29 However, traditional sensing based on CRAM systems needs to consume a large number of reactive monomers in order to present a macroscopic phenomenon via numerous double bond polymerizations.
Consequently, if the LSPR effect could be combined with the more sensitive detection method of CRAM, efficient sensors with less monomer consumption, lower detection time and higher sensitivity could be obtained. To this end, we have demonstrated a new class of plasmonic nanosensor based on acrylic acid-functionalized silica-coated silver nanoparticles, which effectively integrate CRAM with the LSPR effect, to realize highly sensitive and fast colorimetric glucose detection with less monomer consumption. The newly-developed sensor showed a limit of detection (LOD) of 2.06 Â 10 À5 M, 10 times lower than that of a commercial glucose assay kit with a limit of 1.1 Â 10 À4 M. The glucose detection mechanism of the proposed sensor was based on free-radical polymerization by biocatalytic initiation, which would induce the aggregation of Ag NPs and thereby cause a decrease in plasmon resonance intensity. Simultaneously, the detection sensitivity was strongly dependent on the degree of aggregation of the Ag NPs, which was conrmed by FDTD simulation. The approach could be used for high selectivity toward glucose detection and would be suitable for other practical applications of the detection of low concentrations of glucose. under vigorous stirring. Aer boiling for 1 h, the heat was turned off and the reaction solution cooled to room temperature. 31 The as-prepared silver colloid was centrifuged at 500 rpm for 1 h to remove larger Ag NPs, and the remaining silver NPs in solution had an average size of ca. 50 nm by TEM. Then, 50 mL of as-obtained silver colloid were transferred into a roundbottom ask of 500 mL in volume containing ethanol (200 mL), followed by adjustment of the pH value to ca. 10 via the addition of ca. 30 wt% ammonia (6.25 mL). Subsequently, 4 mL of 10 mM TEOS ethanol solution was added into the roundbottom ask over 2 h at time intervals of 30 min under vigorous shaking, and the resulting solution was further reacted for 24 h at a constant temperature of 30 C. Ag@SiO 2 NPs were collected by centrifugation at 10 000 rpm for 15 min and further washed with ethanol three times. Puried Ag@SiO 2 NPs were stirred at 60 C for 2 h to improve their stability. The samples of puried Ag@SiO 2 NPs with a certain thickness of silica (ca. 10 nm) were redispersed into ethanol (50 mL) for further characterization and functionalization.
Experimental

Activation of the acrylic acid
Acrylic acid (100 mL) was added to deionized water (10 mL) containing EDC/NHS (5 mM), and incubated for at least for 2 h to ensure the acrylic acid was efficiently activated.
Synthesis of acrylic acid-functionalized Ag@SiO 2 NPs
To obtain the amine-functionalized Ag@SiO 2 NPs, rstly, the Ag@SiO 2 solution (50 mL) was added into 1 mL of ethanol solution containing APTMS (10 mM in ethanol). Subsequently, the mixture was stirred for 16 h at a temperature of 50 C. The resulting nanoparticles were washed by centrifugation with ethanol and deionized water three times each in order to remove the unbound molecules of APTMS. Then, the aminefunctionalized Ag@SiO 2 NPs were redispersed into activated acrylic acid solution (10 mL), and incubated for 2 h in order to obtain the acrylic acid-functionalized Ag@SiO 2 NPs. Aer that, the acrylic acid-functionalized Ag@SiO 2 NPs were collected by centrifugation at 10 000 rpm for 15 min and further washed with deionized water three times, and nally redispersed into deionized water (50 mL) for further characterization.
Characterization
The absorption and extinction spectra in the range of 300-800 nm were measured using a UV-VIS-NIR spectrophotometer (UV3600, Shimadzu) with a 1 cm quartz cuvette. Transmission electron micrographs were measured by transmission electron microscopy (TEM, FEI Tecnai G2 Spirit) operating at an accelerating voltage of 120 kV. Electron spin resonance (ESR, Bruker A300) was used to test the existence of $OH radicals.
Sensor testing
A series of glucose solutions of different concentrations were prepared to test the availability of the plasmonic sensors. In a typical test, 4 mL of acrylic acid-functionalized Ag@SiO 2 NPs solution was added to a 5 mL test tube, followed by the addition of 10 mL of Fe II ions (0.28 M in deionized water at pH 4), 100 mL of GOx (2 Â 10 À5 M in PBS) and 100 mL of glucose solution (different concentrations in PBS). The mixture was vigorously shaken by mini-shakers at 800 rpm for 3 min. And the extinction spectra in the range of 300-800 nm were collected by a UV-VIS-NIR spectrophotometer using a quartz cuvette of 1 cm. Additionally, in control experiments, 6 mM of ascorbic acid, D-fructose, b-cyclodextrin, lactose and maltose were respectively used to replace glucose under identical conditions. A commercial glucose assay kit was used for the spectrophotometric determination of glucose in serum samples, and its analytical process was operated according to the manufacturer's manual (the samples of fetal bovine serum should be diluted about 20 times). All the experiments were operated in air and at room temperature without a solution purge of oxygen. Glucose solutions with concentrations of 0.51 mM and 0.92 mM were prepared as simulated tears of normals and diabetics, respectively.
Computational modelling
The nite difference time domain (FDTD) method was used to calculate the optical and electromagnetic properties of the Ag NP aggregation process. All FDTD calculations were carried out on FDTD Solutions. The input wave was dened with the totaleld scattered-eld source. The observation objects were placed perpendicular to the source through the centers.
Results and discussion
Based on our proposed plasmon nanosensors combining CRAM with the LSPR effect, the polymerization of acrylic acid monomers as a means of signal amplication was utilized on the surface of the Ag NPs with an SiO 2 coating, which is conceptually described in Fig. 1 . The biocatalysis of glucose could cause the polymerization of acrylic monomers on the Ag@SiO 2 NPs surface, resulting in the aggregation of acrylic acid-functionalized Ag@SiO 2 NPs (details in Fig. S1 †) . The LSPR peak position of Ag NPs varies with the change in distance between Ag NPs, which could be used as an output signal, due to the high sensitivity to the dielectric constant of the surrounding environment caused by the plasma effect (details in Fig. S1 †) . Owing to the chemical instability and tendency towards aggregation of Ag NPs, it is necessary to utilize a desirable surface chemistry modication to prevent the aggregation of the Ag NPs while facilitating further functionalization. The well-established surface chemistry has indicated that various surface functional group (e.g. -OH, -NH 2 , or -COOH) could be covalently introduced onto the silica surface using readily available coupling agents. 32, 33 Therefore, a silica shell would be rstly incorporated as a spacer layer to cover the Ag core. Aerwards, the acrylic acid monomers were introduced onto the silica surface. The glucose sensing was conducted in the presence of FeCl 2 salt and GOx. The glucose detection mechanism of the proposed sensor was based on free-radical polymerization by biocatalytic initiation, which is explained in the following reaction steps (eqn (1) and (2)):
(1)
The glucose was catalyzed by GOx to produce H 2 O 2 (eqn (1)), which was subsequently reduced by Fe II ions to yield $OH free radicals (eqn (2)). The $OH radicals initiated the polymerization of acrylic acid monomers on the silica surface and changed the LSPR resonance wavelength recorded by the UV-VIS-NIR spectrophotometer. The technique of electron spin resonance (ESR) was used to conrm the existence of $OH aer the addition of Fe II in the glucose detection. It was obviously observed that the DMPO/$OH signal intensity of the ESR spectra in the presence of Fe II was higher than that without Fe II or with acrylic acid-functionalized Ag@SiO 2 NPs, which exhibit an intensity ratio of 1 : 2 : 2 : 1 from Fig. S2 (ESI †). The results showed that $OH actually existed in the system of glucose detection, which could induce the aggregation of the acrylic acid-functionalized Ag@SiO 2 NPs. In general, the polymerization led to the coupling of Ag NPs. The thinner the silica shell was, the more sensitive the plasmonic nanosensor would be. However, if the silica shell was too thin, the spacer could not efficiently protect the Ag NPs from aggregation when Fe II ions were added. 34 The thickness of the silica shell could be readily adjusted to optimize the sensitivity of the plasmonic nanosensor and the optimal thickness of the silica shell is about 10 nm. Herein, the thickness of the silica shell as a spacer layer should be adjusted to make the plasmonic nanosensor more sensitive when the distance between the Ag NPs changed. For a typical silica coating, a freshly prepared citrate-stabilized Ag colloid was safely transferred into ethanol followed by intermittent addition of TEOS solution. The TEM images ( Fig. 2A) show that the obtained Ag@SiO 2 NPs had a silica coating layer of ca. 10 nm on the surface of the Ag NPs when 4 mL of 10 mM TEOS ethanol solution was used for synthesis. A relatively rough silica surface was observed, which was attributed to the short particle radius (R À1 ), while the rough surface of the Ag@SiO 2 NPs would not affect our experimental result. 35 Subsequently, in order to retain the thickness of the silica coating layer, each particle was coated only with the desirable APTMS layer used in the functionalization step, assuming one APTMS molecule to occupy 0.4 nm 2 on the nanoparticle surface. 36 The ethanol solution of APTMS (1 mL, 10 mM in ethanol) was added to 50 mL of Ag@SiO 2 solution with vigorous stirring. Before being graed onto the Ag@SiO 2 NPs, the acrylic acid should be activated by EDC/NHS and incubated for at least 2 h for efficient activation. The surfacegraed amine groups of the silica shell reacted with the activated carboxyl groups of acrylic acid to form an ester group, eventually yielding acrylic acid-functionalized Ag@SiO 2 NPs. As shown in Fig. 2B , there was no signicant change in the thickness of the spacer layer for acrylic acid-functionalized Ag@SiO 2 compared with the Ag@SiO 2 NPs (Fig. 2A ). An obvious red-shi of ca. 14 nm and a broadened half-peak width in the plasmon resonance band of acrylic acid-functionalized Ag@SiO 2 NPs could be observed in the UV-visible spectra (Fig. 1C) as compared to those of Ag NPs (ca. 50 nm in diameter, see Fig. S3 in ESI †), due to the increased refractive index of the surrounding medium from the Ag NPs.
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Since there is no absorption for other species (GO, GOx, Fe II ions) in our sensor system in the wavelength range of 300-800 nm, the variations in the plasmon resonance of acrylic acidfunctionalized Ag@SiO 2 NPs band at a wavelength of 436 nm were selected as the sensor response signal (Fig. S4 , see ESI †). For this proposed sensing system, the variation in plasma resonance should be caused by glucose alone; therefore, reference tests without glucose were carried out under identical conditions to conrm our supposition. Within the observation time (10 min), no spectral variation was found, which indicated that the variation in the spectrum was not affected by different concentrations of FeCl 2 and was actually caused by the glucoseinduced polymerization (see Fig. S5 in ESI †) .
The reaction initiated by redox was inuenced by the components of the glucose, FeCl 2 salt and monomer concentration in this reaction system. In particular, the Fe III ions would compete with the acrylic monomer for $OH radicals in the case of too high a concentration of FeCl 2 salt in the reaction system, leading to a decrease in the polymerization efficiency. However, a low concentration of FeCl 2 salt would result in too slow polymerization, which could pose difficulty in detecting the variation in the spectrum over a suitable time range. Aiming to nd an optimal concentration of FeCl 2 and an appropriate observation time, we varied the dosage of FeCl 2 from 2 to 20 mL into the 6 mM glucose solution to perform a series of measurements. Subsequently, the results of the UV-vis spectra (see Fig. S6 in ESI †) have shown that the absorption intensity at 436 nm showed a rapid decay with an increase in the dosage of FeCl 2 (from 4 to 10 mL). It is well known that the rate of redox initiating reaction would be faster with an increase of the dosage of FeCl 2 , leading to acceleration of the polymerization, while the polymerization would induce the aggregation of Ag NPs and thereby cause a decrease in the plasmon resonance intensity. But, the absorption from adding 2 mL of FeCl 2 showed no signicant change within the testing time of 40 min. This is because too small an amount of initiator (FeCl 2 ) causes a very slow polymerization process (see Fig. S6A in ESI †). On the other hand, the spectral change of each glucose concentration (see Fig. S6F in ESI †) would be insignicant aer adding too much FeCl 2 (20 mL), which was ascribed to a too fast polymerization reaction that led to little difference in degree of polymerization in each sample. Finally, considering that it was a typical time range for glucose blood tests, we have selected 3 min as the reaction time. Meanwhile, an appropriate dosage of 10 mL FeCl 2 was chosen for the test. Our proposed mechanism of glucose detection by acrylic acidfunctionalized Ag@SiO 2 NPs was that the polymerization would lead to the coupling of Ag NPs, and consequently decrease the intensity of dipolar resonance. Hence, the sensor response as a function of glucose concentration around the human physiological range in blood concentration (the normal value in humans is 6.0 mm) was plotted in Fig. 3 , which clearly shows a linear dependence of absorbance band maximum versus glucose concentration with a coefficient of 0.995 (Fig. 3B) . The photographs of the color variation with different glucose concentrations in the plasmonic sensing devices are shown in Fig. S7 . † Additionally, as shown in Fig. 3C , the TEM image of Ag@SiO 2 NPs aer polymerization could further conrm our mechanism that the polymerization actually caused the aggregation of Ag NPs, resulting in a reduction in the intensity of dipolar resonance.
According to a previous report, along with the aggregation of Ag NPs, the dipolar resonance from the Ag NPs at a wavelength of 420 nm would generally decrease in intensity and undergo a slight red shi. In addition, a new multipolar resonance would initially appear at a longer wavelength due to coupling between the Ag NPs. 37 However, only the decrease in the dipolar resonance intensity could be observed without any multipolar resonance at a longer wavelength. Such a phenomenon could be attributed to two reasons as follows: rst, the Ag NPs were coated with a silica shell as an outside spacer that protected the Ag NPs from severe aggregation. Second, the reaction time (3 min) of the glucose detection might be too short to generate the new resonance, which could not reach the degree of aggregation.
Moreover, FDTD simulation was implemented to further conrm our experimental results. In order to simplify the calculation system, the FDTD simulation calculated the plasmon resonance peak of ten Ag NPs with various degrees of aggregation. With the degree of aggregation increasing, the clusters in the system would gradually decrease. Simultaneously, the N would be set to characterize the degree of aggregation, which could be dened as the ratio of the total amount of Ag NPs to the number of clusters (N ¼ n Ag NPs / n clusters ). According to Fig. 4A-E , the values of N were enhanced from 1 to 1.67 with an increase in the degree of aggregation in addition, Fig. 4F presents the simulation results for the intensity of the plasmon resonance peak. Clearly, the intensity of the extinction gradually decreased with an increase in the degree of aggregation, in line with our aforementioned experiment.
In a practical application, other species in the analytical sample should not disturb the signal, which is a typical concern for the operation of biosensors. Therefore, a series of reference experiments using other common interfering species, such as ascorbic acid, D-fructose, b-cyclodextrin, lactose and maltose instead of glucose, have been conducted under identical conditions. And there were no signals detected (see Fig. S8 in ESI †), showing high selectivity toward glucose detection. Additionally, another concern for practical application is repeatability. Therefore, 10 sensors were prepared in the same way to detect a glucose solution with a concentration of 6 mM (see Table 1 ), which showed that the sensors had good repeatability with a standard deviation of 2.5%.
To further verify the practicability of the plasmonic nanosensor, it was used for the detection of the glucose concentration in fetal bovine serum and compared with a commercial glucose assay kit (see Fig. S9 in ESI †). According to Table 1 , the performance of our plasmonic nanosensor could be comparable to the commercial glucose assay kit, indicating that the proposed nanosensor is suitable for practical applications. In addition, solutions of simulated tears (ca. 0.92 mM for diabetics, ca. 0.51 mM for normals) 38 were prepared to further investigate the practicability of the plasmonic nanosensor (Table S1 and Fig. S10 †) . In addition, the LOD of our plasmonic nanosensor could reach 2.06 Â 10 À5 M, 10 times lower than the limit of the commercial glucose assay kit of 1.1 Â 10 À4 M. The developed approach can not only be used in a blood glucose monitor, but can also be utilized as a convenient tool to detect very low concentrations of glucose in solution.
Conclusions
In summary, acrylic acid-functionalized Ag@SiO 2 NPs were rationally designed as a plasmonic nanosensor to obtain highly sensitive and fast colorimetric glucose detection with less monomer consumption, which effectively integrated CRAM with the LSPR effect, developing CRAM at the molecular scale. As a result, the limit of detection of our plasmonic nanosensor could reach 2.06 Â 10 À5 M, 10 times lower than a commercial glucose assay kit with a limit of 1.1 Â 10 À4 M. Meanwhile, FDTD simulation has been used to conrm our purposed mechanism of detection, which was that the intensity of the LSPR peak gradually decreases with an increase in the degree of aggregation of Ag NPs. Therefore, the study could potentially be used in a blood glucose monitor and would be suitable for other practical applications for the detection of low concentrations of glucose.
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